A sensitive and reliable method for the analysis of geosmin and 2-methylisoborneol (2-MIB) in water sample was developed. In this study, geosmin and 2-MIB in the sample were enriched 40-fold using a technique of solid phase extraction and the resulting enriched solution was subjected to automated headspace-GC/MS system to determine them. The separation of the compounds was performed on a DB-1 capillary column and the detection was carried out by EIMS operated in either full-scan or selected ion monitoring (SIM) mode. In the SIM mode, the two compounds were determinable at the concentration of 0.1 ppt, and the recoveries and coe$cients of variations were 104 and 6.1ῌ for geosmin, and 115 and 7.5ῌ for 2-MIB, respectively, at the addition level of 1 ppt. Although the detection limits in full-scan mode were 10-fold worse than those of SIM, it allows both determination and mass spectroscopic identification of the two compounds at the level of 1 ppt.
Introduction
Geosmin (1,2,7,7-tetramethyl-2-norborneol) 1 ) and 2-methylisoborneol (2-MIB) 2) are musty/earthy odorants that are mainly produced by cyanobacteria, such as Anabaena, Oscillatoria, and Phormidium species. These species sometimes grew extensively in summer season in the source lake and pond of water supply, and the resulting contamination of their odorous products into supplied water is one of the most serious problems for the public water suppliers. To remove such odorants from the water, treatment with an activated carbon is most e#ective.
3) So the government of Japan have laid down the following guidelines 4) as the allowable contamination levels of geosmin and 2-MIB in supplied water; 10 ppt for a water purification plant where an activated carbon is permanently used and 20 ppt for the other plants. To control the contamination of these odorous compounds in supplied water in line with the guidelines, it is necessary to analyze them to the extent of 1 ppt at least.
Since geosmin and 2-MIB are vaporous compounds, purge & trap (PT) 5)῍7) is most frequently used as a technique for the sampling from the sample water in Japan, and their determination has required the sensitivity associated with GC/MS system operated in selected ion monitoring (SIM). The combination of PT and GC/MS is e#ective enough to achieve the detection limit of 1 ppt in the sample water, but the use of PT involves the following problem relating to sodium chloride. Geosmin and 2-MIB are soluble in water and ῎ a) Aichi Prefectural Institute of Public Health (Nagare 7῍6, Tsuji-machi, Kita-ku, Nagoya 462῍8576, Japan) their vaporization pressures are very low, so that large amount of sodium chloride is added to the sample water for the purpose of salting out in the sampling process. The sodium chloride easily leaks into the sample line together with the mist of water during purging sample, and the salt causes some troubles such as plugging of tubing and valves, and deterioration of trap column. On the other hand, operating MS in full-scan mode is desirable to obtain some useful information concerning identification and/or confirming the detected compounds. However, full-scan mode is not usable for the above PT-GC/MS system because of lack of sensitivity. For the reasons, we wished to establish a new method for the sensitive analysis of contaminated geosmin and 2-MIB in supplied water. Headspace (HS), similar to PT as a sampling technique, can be used to introduce vaporous compounds to GC system. Although this technique is simple and easy to operate without the troubles such as PT, it is unamenable to the analysis of supplied water because of the lack of sensitivity. A solid phase micro extraction (SPME) 7)῍9) is often coupled with HS to improve the sensitivity, but this HS-SPME is not suitable for automated analysis because of the problems in the stability and durability of SPME probe. We considered that geosmin and 2-MIB may be determined sensitively using a combination of HS and GC/MS, if the two compounds in the sample water were highly enriched before applying to HS sampling. Furthermore, satisfactory determination may be achievable operating MS in full-scan mode.
This paper describes the sensitive and reliable analysis of geosmin and 2-MIB contaminated in supplied water using HS-GC/MS system with the technique for ῍ Congratulations on winning the 2002 Nobel Prize.
We take this opportunity of sending John B. 2.2 Sample preparation for HS-GC/MS analysis Sample water was pre-treated with sodium Aascorbate when residual chlorine was detected. When suspended solid was observed in the sample water, it was filtrated o# by GF-A glass filter. After conditioning the Sep-Pak tC18 cartridge with 10 mL of ethanol, 10 mL of methanol followed by 10 mL of purified water, 1 L of sample water was applied to the cartridge at the flow rate of 15 mL/min. After the cartridge was washed with 10 mL of distilled water, geosmin and 2-MIB in the cartridge were eluted with 1 mL of ethanol, and the cartridge was rinsed with 10 mL of purified water. The eluate and the e%uent of rinse water were collected into a 25mL volumetric flask and filled up to the volume with purified water. A half volume (12.5 mL) of the solution containing ethanolic eluate from the cartridge was transferred into a 22 mL headspace vial (CV-22, Chromacol, Turnbull, CT, USA). After addition of 4 g of sodium chloride and 3 mL of internal standard solution (400 ppb n-decyl chloride methanol solution), the vial was sealed with a Teflon-lined silicon rubber septum and an aluminum cap. The vial was shook vigorously until most of the sodium chloride has dissolved and was set to a headspace auto-sampler (7000, Tekmer, Cincinnati, OH, USA).
Determination by HS-GC/MS
The sample solution in the HS vial was incubated and shook in a headspace auto-sampler, and the resulting headspace gas was introduced to GC/MS system (AUTOMASS SYSTEM II, JEOL, Akishima, Japan) to determine geosmin and 2-MIB. The HS auto-sampler was operated under the following conditions: Sample loop, 1.0 mL, electro-formed type (Tekmer, Part No. 14-5541 167); transfer line, Ultra ALLOY capillary tube (UADTM-5G16, 2 mῌ0.8 mm i.d., Frontier Lab. Ltd., Koriyama, Japan); operation gas, He; incubation temp., 70῍; switching valve and sample loop temp., 150῍; transfer line temp., 160῍; sample equilibrate time, 20 min; mixing vial, power 5, 3 min; stabilizing time after mixing; 1.5 min; pressurize, 10 psi, 0.5 min; press equilibrate time, 0.5 min; loop fill time, 0.05 min; loop equilibrate time, 0.05 min; injection time, 0.5 min. The separation was performed on a DB-1 capillary column (30 m ῌ0.25 mm i.d., 0.25 mm film thickness) under the following conditions: Carrier gas, He, 1.5 mL/min; column temp., 40῍ (hold, 2 min) ῌ 15῍/min ῌ 250῍. The MS was operated in full-scan or SIM mode under the following conditions: Ion source, EI (70 eV); interface temp., 250῍; ion source temp., 210῍; scan range, m/z 46῎200; cycle time, 0.4 s; monitoring ions in SIM mode; m/z 112 and 149 for geosmin, m/z 95 and 107 for 2-MIB, m/z 91 for n-decyl chloride; quantification ions; m/z 112 and 95 for geosmin and 2-MIB, respectively.
Results and Discussion
Reversed phase type pre-packed cartridges such as C18 modified silica gel and polystyrene gel have been e#ectively used for the extraction and concentration of geosmin and 2-MIB in aqueous solution. 5), 10), 11) We considered that such technique of solid phase extraction (SPE) can be utilized to enrich analyte in the sample water for subsequent HS-GC/MS analysis, because the technique is simple to operate without any additional apparatus. However, the coupling of SPE with HS involved the following problem. For the use of SPE, some organic solvents such as dichloromethane 5) and ethyl acetate 10), 11) are required to elute geosmin and 2-MIB from the cartridge. On the other hand, these solvents are not suitable as the sample medium for HS sampling, because they inhibit the vaporization of geosmin and 2-MIB, so that sensitive analysis can not be expected when the sample solution contained such organic solvents. Generally, undesirable solvents in the eluate from the SPE cartridge are removed by evaporation and the resulting residue is re-dissolved in a suitable solution, however this way is di$cult to apply to the present method, because the objective compounds, geosmin and 2-MIB, are also volatile.
In consideration of the problems described above, we planed the following procedure to determine geosmin and 2-MIB in water samples. After application of 1 L of sample water to the cartridge, geosmin and 2-MIB are eluted from the cartridge with minimal volume of organic solvent. The eluate is diluted with water to reduce the influence of the solvent and the diluted solution was sealed in a HS sample vial with an internal standard and a sodium chloride. The sample vial is shook vigorously to dissolve the salt and subjected to HS-GC/MS analysis to determine geosmin and 2-MIB. According to this procedure, conditions of SPE and HS-GC/MS were optimized, and recoveries of geosmin and 2-MIB were investigated in the below section.
Optimization of HS-GC/MS conditions
The incubation temperature of sample solution is one of the most influential parameters on the sensitivity for the HS sampling, but it can not be set beyond the boiling point of sample medium. In this study, the temperature was set at 70῍ in consideration of the boiling point of organic solvent that is used for the elution of geosmin and 2-MIB from the SPE cartridge. The sensitivity of the HS analysis also depends on the addition amounts of sodium chloride to the HS sample solution that is used for salting out the analyte. In an attempt to vary the addition amounts of sodium chloride to the sample solution of HS, the maximum e#ect was observed when the solution was saturated with it. So, we used 4 g of sodium chloride in this study that is necessary amounts to saturate 12.5 mL of water containing 0.5 mL of ethanol.
The GC separation of geosmin and 2-MIB was performed on a DB-1 capillary column under the condition of programmed temperature and quadrupole MS was used for the detection. Both full-scan and SIM modes were used in this method. n-Decyl chloride was used as an internal standard to quantify geosmin and 2-MIB with good accuracy. Stable isotopic compounds of analyte are frequently used as internal standards for mass spectrometric detection, but commercially available geosmin-d 3 and 2-MIB-d 3 were not usable in this method because of the following demerit of them. These isotopic compounds produce interfering fragment ions such as m/z 112 and 149 and m/z 95 and 107 being essential for the sensitive determination of geosmin and 2-MIB, respectively.
Under these optimized conditions, the compounds were successfully separated within 10 min without any interfering peaks on the chromatogram, and the calibration graph showed linearity between the level of 4 ppt and 400 ppt at least in SIM mode. The required time for the determination including HS sampling was about 40 min. Figure 1 shows the typical total ion chromatogram (TIC) of 200 ppt standard solution containing 6 ng of n-decyl chloride given by HS-GC/MS analysis.
Optimization of SPE conditions
To select the most suitable SPE cartridge for the present study, two di#erent types, a Sep-Pak tC18 (modified silica gel, 500 mg) and a Sep-Pak PS-2 (polystyrene gel, 500 mg), were compared in their ability for retention and elution of geosmin and 2-MIB. Both cartridges were almost the same in the performance of retention, suggesting that they are applicable to this method, but they were di#erent each other in the ability of elution. As the results, a Sep-Pak tC18 was selected, because it needed about a half of solvent than that with Sep-Pak PS-2 in their elution test using organic solvents described below.
In order to apply the eluate from the cartridge without any additional treatment except for dilution with water, the following properties are required for the organic solvent used as an eluent; elution ability of geosmin and 2-MIB from the cartridge, water solubility, the boiling point higher than the incubation temperature of HS sampling (70ῌ), no interfering of the sampling and vaporization processes of geosmin and 2-MIB, and capability of the separation of the compounds on GC and MS detection.
In consideration of solubility and boiling point mentioned above, ethanol, isopropanpl, n-propanol, and acetonitrile were selected as testing solvents, and their elution ability of geosmin and 2-MIB from the cartridge were examined. After conditioning the cartridge with test solvent, methanol followed by water, geosmin and 2-MIB (10 ng each) were applied to the cartridge together with 10 mL of water. The cartridge was rinsed with 10 mL of water and aspirated for 10 s. to remove remaining water. Geosmin, and 2-MIB were eluted from the cartridge with 2.0 mL of each solvent fractionating the eluate at the rate of 0.2 mL/tube. The resulting fractions of eluate were diluted up to the volume of 1.0 mL with the same solvents used for elution, and subjected to GC/MS analysis to determine the recoveries. The elution profiles of geosmin and 2-MIB were shown in Figs. 2 (A) and (B), respectively, indicating that the two compounds can be completely eluted from the cartridge in 1.0 mL of each solvent. The elution ability of acetonitrile was found to be somewhat lower in comparison with the other solvents examined. Therefore, we used ethanol, isopropanol, and n-propanol in the subsequent examinations.
In order to investigate the influence of ethanol, isopropanol and n-propanol on the determination by HS-GC/MS, small volume of these organic solvents were added to an aqueous standard solution of geosmin and 2-MIB, and the mixtures were subjected to the analysis. Ten mL of aqueous standard solution (200 ppt for each compound) and 0῍1.0 mL of organic solvent were mixed in the HS sample vial, and the total volume of the mixture was adjusted to 12.5 mL by water. After addition of n-decyl chloride (6 ng) and sodium chloride (4 g), the vial was sealed, shaken until the sodium chloride was almost dissolved, and set to the headspace auto-sampler. The MS was operated under SIM mode and the resulting ratios of peak area of geosmin and 2-MIB to that of n-decyl chroride were graphed in Figs. 3(A) and (B) . The ratios decreased with increasing the addition volume of ethanol and isopropanol, indicating that these solvents a#ect vaporization of the compounds in the vial. Geosmin and 2-MIB could not be determined successfully when isopropanol and n-propanol were added over 0.5 and 0.2 mL, respectively, because the peaks of the analyte have lost their original, symmetric and sharp, shapes on the chromatograms. However, satisfactory result was obtained with ethanol. From the results described above, we selected 1.0 mL of ethanol as an eluent in this method. After the elution of geosmin and 2 MIB with 1 mL of ethanol, the cartridge was rinsed with 10 mL of water in order to recover the remaining ethanol in the cartridge. The eluate and the e%uent of rinse solution were combined and diluted with water up to the volume of 25 mL for the sake of subsequent HS-GC/MS analysis.
Recovery test
One-liter of purified water spiked with geosmin and 2-MIB at the level of 1 ppt was enriched under the optimized conditions described above and 25 mL of enriched solution was obtained. The solution was divided equally into two vials. Each vial was subjected to HS-GC/MS analysis in SIM and scan mode. Interfering peaks were scarcely observed on the resulting SIM and mass chromatograms of each compound as shown in Fig. 4 . The mass spectra were agreed well between this recovery test and the standard solution in terms of the patterns of characteristic ions (m/z 112, 149, and 164 for geosmin, and 95, 107, and 135 for 2-MIB) as demonstrated in Fig. 5 . Table 1 listed the recoveries, coe$cients of variations (CV) and detection limits of geosmin and 2-MIB in SIM and scan modes. The results indicated that the satisfactory recoveries (104῍ 115῍) along with CV (6.1῍7.5 ῍), and the excellent detection limit (0.1 ppt, S/Nῌ3) given by SIM mode. Although the detection limit (1.0 ppt) in full-scan mode was worse than those of SIM, it enabled not only the mass spectroscopic identification of geosmin and 2-MIB but also the determination of them with su$cient recoveries (107῍117῍) and CV (8.5῍10.4῍). The total time for the analysis of one sample was about 2 hours.
Samples were not spiked with the stable isotope compounds as internal standards, because suitable labeled compounds could not be found in this study. If suitable compounds such as fully deuterium-labeled geosmin and 2-MIB were available, the accuracy of this method will be improved extremely.
Conclusion
A method for the analysis of geosmin and 2-MIB in water sample was developed using a combination of SPE and HS-GC/MS. In this method, geosmin and 2-MIB in the sample water were successfully enriched using a technique of SPE and this enrichment process was quite e#ective to enhance the analytical sensitivity by HS-GC/MS. The detection limits of both compounds were 0.1 ppt, and the recoveries and CV at the level of 1 ppt were 104 and 6.1῍ for geosmin, and 115 and 7.5῍ for 2-MIB, respectively, when the MS was operated in SIM mode. In the full-scam mode, the detection limits and CV were worse than those of SIM, the mass spectroscopic identification of geosmin and 2-MIB were possible even at the level of 1 ppt. In conclusion, this method is sensitive and reliable, so that we recommend to use it for routine analysis of supplied water.
Keywords: GC/MS, Headspace sampling, Geosmin, 2-Methylisoborneol 
